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INTRODUCTION

This paper reviews known or probable responses of coral reef ecosystems to
“global change.” Our focus is on the coral reef ecosystem. and on its defining
organism, the symbiotic stony (scleractinian or milleporid) coral. One of the
unique features of coral reefs is that the communities are commonly supported
by biogenic geologic structures of their own creation. This creation of
substratum by a taxonomically circumscribed group of organisms provides a
dimension of interaction between community and environment not found in
most other ecosystems. Other groups of organisms are also important to the
structure and function of coral reefs; however, in most cases either functional
roles are fulfilled by so many different taxa that it is impossible to generalize
about responses to environmental variables, or there are very few data on
which to base assessments of effects on them.

Individual organisms and ecosystems respond to their local environment
without regard for the ultimate cause of environmental conditions. It is often
not possible in practice to distinguish between the effects of climate change,
of natural environmental variability, or of non-climatic anthropogenic alter-
ation; effects may be interactive, or a single stress may have multiple sources.
We use the term “global” in a broad sense, to include global climate change
(the so-called “greenhouse effect”), non-climatic but global environmental
changes such as the degradation of stratospheric ozone, and changes that can
be called global in the sense that they are widespread, sustained, and likely to
increase in distribution and intensity—the many effects of population growth
and economic development. We emphasize that “global” does not mean
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uniform. monotonic, or ubiquitous. We focus primarily on the nature and
directions of present or reliably anticipated environmental change—warming
and sea level rise rather than the onset of an ice age, increases rather than
decreases in ultraviolet light, and so forth. Finally we focus on changes to be
expected within the next century, rather than on longer-term or even less
predictable effects.

This review shares with most reef-oriented research an intrinsic bias toward
negative effects and stresses. If one starts with a “healthy™ coral reef, there
are many ways things can go wrong, but only a limited spectrum of
“improvements” can be envisioned. Future reef communities may propagate
to and thrive at sites not presently classified as coral reefs, but direct
observations or specific predictions of such occurrences are—and seem likely
to remain—restricted.

Global Change Scenarios

A brief summary of the status of global climate change predictions provides
a context for subsequent discussions. We rely primarily on the work of the
Intergovernmental Panel on Climate Change (78), and on MacCracken et al
(106). who combine discussions of model-based predictions and paleoclimate
records. This is a rapidly developing field. Although the detailed predictions
derived from general circulation models are uncertain and subject to revision,
there can be little doubt in a qualitative sense that the increased and
still-increasing concentrations of radiatively active gases in the atmosphere
will result in significant climate change of some sort.

Under the IPCC “"Business as Usual” scenario (i.e. no substantial changes
in present trends in greenhouse gas emissions). global mean temperatures are
predicted to increase during the next century by about 0.3°C per decade (range:
0.2-0.5%). The net increase will amount to about 1° by 2030 and 3° by 2100.
Land surfaces will warm faster than oceans, and high northern latitudes will
warm more and faster than the global mean, especially in winter.

Present confidence in regional climate change predictions is low. In the
oceanic tropics. the area of most interest to this review, the predictive ability
of the general circulation models is highly questionable; both between-model
agreement and calibration against present conditions are poor. Some models
predict tropical sea-surface temperature increases of 1-3°C, but there is
widespread debate about possible feedback mechanisms that might either
stabilize values in the vicinity of 30-31°C (73, 123), or produce positive
temperature feedbacks over the warmest part of the ocean (54). Although
paleoclimatic conditions are not generally considered reliable predictors of
future climate patterns, it may be relevant that during the Eemian warm period
(125.000 BP) most northern hemisphere land areas were significantly warmer
than at present. but tropical regions were not detectably warmer (106, 127).
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Also under the IPCC Business-as-Usual Scenario, global sea level rise is
predicted to average about 6 cm/decade over the next century (range: 3-10
cm/decade); this value compares with recently observed values of 1-2
cm/decade, and with maximum sustained rates of sea level rise during the
Holocene transgression in excess of 20 cm/decade (7, 51).

Changes in the frequency and intensity of extreme events are probably more
ecologically significant than moderate changes in the mean values of
environmental factors. In addition to a probable increase in high-temperature
events, two possible changes relevant to local coral reef environments are
worthy of note (110). One is a shift in precipitation patterns so that more of
the total precipitation falls during heavy storms; the other is a possible change
in the frequency, magnitude, or geographic distribution of major tropical
storms.

ECOSYSTEM ROLES AND RESPONSES

Ecosystems and their responses to environmental change may play various
roles in a climate and global change context. Ecological control of reservoir
size or rates of flux for climate-influencing materials such as CO: is a
potentially important factor. In relation to human society, ecosystem sensi-
tivity—or vulnerability—is an important issue; ecosystem collapse in response
to environmental change may result in loss of resources; degradation could,
in principle, serve as an early warning of increasing stress. From a scientific
standpoint, large-scale environmental changes represent a natural experiment
that may permit investigation and understanding of ecosystem structure and
function not possible on a laboratory scale or in a stable environment. In this
section we discuss these three issues before turning to a more detailed
inventory of coral reef responses to individual environmental forcing func-
tions.

Geochemical Reservoirs and Fluxes

Some systems, such as tropical rain forests, represent substantial global
reservoirs of carbon. Temporal changes in the mass of such systems may be
significant in terms of the atmospheric CO; reservoir, and such changes can
provide feedbacks that may enhance or retard climate change forcing by
atmospheric CO» or other biogenic gases. The CaCO3 of coral reefs and other
oceanic ecosystems represents another large carbon reservoir. Calcification
represents the largest net carbon flux term associated with coral reefs (29,
94, 155). We therefore use reef calcification in order to assess reef
significance to the global carbon cycle.

There is a widespread conception that coral reefs and other aquatic
ecosystems dominated by calcifying organisms are sinks for atmospheric CO;
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(22, 95, 148). On time scales of human interest, CaCQO3 precipitation by
aquatic ecosystems approximately in equilibrium with atmospheric gases is
actually a source of CO- release to the atmosphere, rather than being an
atmospheric CO; sink (155). This counter-intuitive result arises because
CaCOs precipitation lowers pH and converts bicarbonate to CO; gas. If the
water comes to gaseous equilibrium with the atmosphere, then CO, gas must
escape from the water to the atmosphere. For coral reefs, the effect of
calcification on the overlying atmospheric composition is small (59, 94, 155)
and to some extent offset by CO, uptake from the atmosphere as a result of
net organic carbon production (139, 144, 155). Reefs at steady state are a
“greenhouse COx source” of about 4 X 1012 mol/yr, equivalent to about 1%
of the CO: released to the atmosphere by anthropogenic activities. Although
diminution of marine net calcification could increase the uptake of atmo-
spheric CO: by the oceans, coral reef contributions to the atmospheric CO:
flux are well below the uncertainty levels of the major sources and sinks.

Ecosystem Sensitivity

SENSITIVE VERSUS ROBUST ECOSYSTEMS  Widespread observations of appar-
ent coral reef degradation (32, 158) have led to an ongoing debate as to whether
reefs are ““fragile™ or “robust™ ecosystems (34, 43, 44, 66).

The argument for robustness stems from geological evidence and from
certain contemporary theories and observations of reef community develop-
ment. On evolutionary and geologic time scales, it is argued that physical
conditions are primarily responsible for mass extinction events (124), and that
the climatic factor most responsible for mass extinction is refrigeration (145).
In spite of common perceptions that reef biota are more vulnerable to major
extinction events than are other marine organisms (83), this view has been
contested (124, 131).

Maximum rates of sea-level rise during the Holocene exceeded 20
cnm/decade during two separate periods lasting for roughly 1000 years each
(7, 51). The difference in global mean temperature between the last glacial
maximum and the present interglacial has been estimated at about 4°C (106),
while the comparable difference of maximum temperatures in tropical marine
environments ranged from <2° to 4° (127).

Similar fluctuations have occurred repeatedly throughout the Pleistocene.
The persistence of coral reef communities as an ecosystem type (although
not as temporally continuous individual communities) across repeated changes
of these magnitudes suggests that reef ecosystems as a global phenomenon
are not likely to be threatened by the predicted greenhouse-effect. The
Quaternary climate oscillations occurred, however, on time scales that are
long compared to the lifetimes of reef organisms, while greenhouse-forced
global temperature change is predicted to be at least an order of magnitude
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faster—placing it on the same decadal time scale as coral lifetimes and
community turnover.

Paulay (119) summarizes work indicating that while Plio-Pleistocene total
extinctions of both corals and mollusks in the Caribbean were in excess of
30%. western Indo-Pacific faunas experienced extinctions of only 10-15%
of corals (118, 152) and 20% of mollusks (rates described as “background
levels”) . Paulay’s studies of the responses of Pacific island marine biota to
Late Pleistocene sea level changes indicate variable patterns of local extirpa-
tion and recolonization, but with little large-scale permanent loss of diversity.
Potts (122) has addressed the related issue of coral speciation and argues that
it may be controlled by the relationship between longevities or generation
times and the time-scale of habitat destruction.

A number of descriptive and theoretical approaches to coral reef ecosystems
have indicated that reef communities are adapted to intermittent disturbances
(27, 42, 44, 65, 66, 146). Indeed, disturbance may actually be necessary to
the maintenance of a widely distributed healthy and adaptive ecosystem,
analogous to the function of forest and grass fires in some terrestrial
ecosystems.

In our opinion, the “robust vs fragile” debate is primarily the result of failure
to define terms and conditions. particularly with reference to scale. The coral
reef ecosystem, on a giobal scale and as a class of communities, is clearly
robust with respect to natural climate change and variability over periods of
millions of years. This robustness, coupled with wide geographic distribution
and the possibility of range extensions to currently unsuitable environments
as a result of global warming and sea level rise, suggests that the reef
ecosystem is unlikely to be extirpated on a global basis by global climate
changes currently predicted.

Reef fragility, however, is real and is a legitimate concern on time and
space scales significant for human society. The robustness of reefs as a class
of communities on a large-scale. long-term basis does not address specific
concerns about the future of existing reefs as they respond to present-day
stresses. Past natural stresses may not be adequate proxies for future
accelerated climate change. which will occur on time scales much more
comparable to the generation times of major reef organisms than was the case
for past natural climate fluctuations. An even greater concern is the increasing
extent of non-climatic anthropogenic stresses that reduce available refugia
{83), impose stresses to which reef communities are not particularly well
adapted (e.g. nutrient loading and sedimentation), and may interact with or
exacerbate the more survivable climatic stresses.

ECOSYSTEMS AS “EARLY WARNING BIOINDICATORS ~ Sensitive ecosystems or
organisms may be “early warning systems” of environmental or global climate
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change. Such a role has been suggested for the “bleaching” of corals on coral
reefs.

“Bleaching™ has long been recognized as a coral response to various forms
of environmental stress (17). This process may involve the loss of pigmented
symbiotic algae (zooxanthellae) from the host coral, or of pigmentation from
the retained algae (76. 86, 149); the physiological and environmental
significance of the two modes of bleaching are not fully understood, and they
are not readily distinguished by field observations. Corals without pigmented
zooxanthellae appear white, or “bleached.” Bleaching can be induced by a
variety of stresses, including high or low temperature, salinity depression (and
probably elevation), and excessive solar radiation or excessive shading.
Bleached corals exhibit reduced production: respiration (P:R) ratios, reduction
or cessation of calcification (121), and interruption of reproductive activity
(149). If mortality does not result, apparent color recovery typically occurs
within a few months, but long-term physiological recovery may be delayed
for over a year (53. 149). Repeated bleaching on short time scales may result
in increased cumulative mortality (130).

Extensive observations suggest that thermally induced bleaching and
mortality, and subsequent community responses, have resulted from the
unusually strong 1982-1983 El Nino (19, 56, 57, 60, 157). Other bleaching
events, especially in the Caribbean have also been ascribed to high tempera-
tures (19). Bleaching may be an early response of coral reef ecosystems to
climatic warming (64). The evidence for both the temperature correlation and
the climatic interpretation has been reviewed (32, 58, 59). Although episodes
of regional or local high surface temperatures have surely been significant
factors in major bleaching episodes, it is not possible to ascribe bleaching (or
changes in its frequency of occurrence) solely to temperature. Given the
definition of climate and our present understanding of climate change,
short-term regional trends or variability in temperature or other directly
measured environmental variables cannot be reliably ascribed to climate
change (161). Thus far no rigorous explanation has been offered of how
putative climate trends inferred from qualitative observations of uncalibrated
biosensors can be more informative or reliable than direct quantitative
measurements of the relevant variables.

Although not reliably useful specifically as a climate indicator, bleaching
is a stress response and its occurrence is indicative of some form of
environmental degradation or unsuitability (59). With adequate attention to
diagnosis, mechanisms, and background levels of occurrence, it can be an
important environmental bioindicator.

The Biogeophysical Experiment

Change in climate, or other large-scale environmental alterations, may be
regarded as an experimental probe of ecosystem response, capable of yielding
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information of both practical and theoretical importance. Buddemeier & Smith
(21) and Hopley & Kinsey (77) have suggested possible reef responses to sea
level rise that, either alone or in combination with other environmental
changes, could provide tests of key ecological or geological hypotheses over
the next century. On land, similar questions have been raised about how forest
or agricultural ecosystems might respond to the effects of elevated CO- partial
pressure, air temperature, and moisture. How does one perform or interpret an
uncontrolled geophysical “experiment” on a time scale of decades?

A number of symptoms or indicators of change in coral reef environments
may be identified as possible results of such an “experiment”:

1. Incidences of disease, parasitism, morbidity, and mortality (from any or
all causes) are direct measures of both organism and ecosystem health.

. Growth, particularly the rates or patterns of skeletal growth of long-lived
sessile organisms such as corals, is a useful indicator for which there is
a background of knowledge about normal rates and environmental
correlates that can be used for hypothesis testing in the event of significant
change.

3. Shifts in community dominance or population structure are important
indicators; of particular importance are shifts from calcifying to non-
calcifying organisms, as in the case of algal invasions of coral commu-
nities in response to increased nutrient loading in previously oligotrophic
systems. Other examples include changes in populations of indicator
organisms such as filter-feeders or echinoderms.

4. Community metabolism is a measure of large-scale function that can be
used to document functional changes over time or to determine whether
the metabolism of a given community falls within normal limits. The
characteristics amenable to such treatment include organic production,
P:R ratio, and net calcification. The rates of these processes on unper-
turbed reefs appear to be remarkably consistent (90). Departures from the
norm are therefore readily recognized.

. The reproductive behavior of existing community members (spawning,
etc) and the recruitment of new members (e.g. larval settlement) are
involved in maintaining community structure and function and may be

observed directly as indicators of environmental suitability or organism
health.

o

w

The experimental utility of the above observable characteristics suffers
from the drawback that reef systems tend to exhibit high natural variability
in time and space, and we lack adequate baseline data. If we are to predict or
learn from the effects of climate change, the research community will need
to make a transition to a more quantitative large-scale perspective.

An important and closely related factor is that reef structures and organisms
in reef systems are potentially very good recorders of change. For example,
reef structures in the geological record have been used as indicators of sea
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level and of relatively warm seawater. On shorter time scales, coral skeletons,
especially massive forms, have annual growth bands analogous to tree rings,
with some situations of subannual banding (8. 20). The bands themselves
record variations in growth rate—which are in part responses to environmental
variables such as temperature and solar radiation (103, 104). Moreover, the
chemical. structural. and isotopic characteristics of the coral skeletons can
reflect a wide variety of environmental forcing. with the growth bands serving
as chronometers. The skeletal characteristics clearly can provide high-preci-
sion, uniquely diagnostic retrospective records at sub-annual intervals for
periods ranging up to several centuries. Examples include information on river
flow (81), oceanic circulation and turnover (45, 46, 132), and local stress
events (121). Effective exploitation of these records can establish the baseline
data needed to determine variabilities in reef environments on climatic time
scales. A promising new approach to retrospective studies is the combination
of population genetics with organism life histories and reproduction strategies
to yield inferences about population dynamics over time (97).

REEF RESPONSES TO ENVIRONMENTAL VARIABLES

The sensitivity of corals, reefs. and related environments to environmental
change. and their potential utility as monitors or recorders of change, is
addressed in this section summarizing present knowledge about possible
responses to changes in environmental factors. The order in which the
variables are addressed is based on the level of certainty of near-term global
change based on climate change considerations. Eustatic sea level rise and
CO: concentration increases are extremely likely and globally equilibrated,
and temperature increases are extremely likely although with significant
uncertainty about regional variability. Other factors are considered to have a
high probability of change but are either manifestations of climate change
that are not predictable on a regional or local basis (light, physical oceanog-
raphy. salinity) or are likely to result primarily from nonclimatic anthropo-
genic impacts (nutrients. sedimentation, resource utilization).

Sea Level

The predicted eustatic sea level rise (about 6 cm/decade) will be reflected in
local relative sea level changes along with the influences of tectonism,
atmospheric pressure, ocean current changes, and so forth. Coral reef
responses to sea level rise need to be considered on two different scales. The
potential exists for reefs to “drown” (i.e., be covered with such a depth of
water that they are below the photic zone or otherwise cannot calcify
sufficiently to catch up with sea level), but this requires a protracted imbalance
between reef accretion rates and sea level rise. Depending on water clarity
and other environmental conditions, the depth range of maximum reef
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calcification may extend from several meters to more than 20 m. This depth
range represents a safety factor; transient sea level rise may inundate oceanic
reefs to a depth of meters or even tens of meters without terminating reef
growth if sea level rise subsequently returns to a rate less than reef vertical
accretion rates.

Reef vertical accretion rates calculated from community calcification rates,
growth rates of calcifying organisms in reef communities, and radiometric
dating of cores through reefs range from less than 1 mm/yr to a maximum
slightly in excess of 10 mm/yr (21, 35, 36, 77, 92, 138). A rate of 10 mm/yr
is commonly taken as the consensus value for maximum sustained reef vertical
accretion rates (21, 36). The present best prediction for eustatic sea level rise
over the next century is 6 mm/yr on average (156); this is well within the
range of reef accretion rates, and even with no net accretion would submerge
reefs by less than a meter by the year 2100.

On the shorter time scale of years to decades, sea level is a changing
environmental variable that may interact with other changes and be reflected
in organism and community response. Because sea level has been within 1-2
m of its present elevation for several thousand years, many present-day reefs
have grown to an elevation where further upward growth is constrained by
sea level. Sea level rise can be expected to remove this constraint and result
in increases in successful recruitment and coral longevity on intertidal and
shallow subtidal reef flats (77). with a consequent increase in reef flat
calcification (94). If rising sea level creates more benign conditions on shallow
reefs, diversity and community structure may change as species other than
the extremely hardy are able to survive. Increases in coral community diversity
and productivity can also be expected in enclosed lagoons where salinity
extremes, nutrient depletion, or other aspects of restricted circulation have
restricted reef development (119, 140, 141, 143), since the probable effect
of rising sea level on circulation will be to maintain reef/lagoon water
composition closer to that of the local oceanic water. On the other hand. if
deepening water subjects currently sheltered communities to more physical
(wave) stress, calcification and sediment accumulation may not increase (21).

Other possible effects associated with sea level rise may include shifts in
zonation and community structure associated with the relationship between
wave energy regimes and sea level in a given locale (31). (These issues are
discussed in the Currents, Waves, and Storms section below.) Second-order
interactions may also be considered. For example, coral bleaching and
associated mortality may selectively remove faster growing taxa, resulting in
less rapid CaCOj accretion and more rapid net removal of framework material
by bioerosion (56, 59). In many locations, coral reefs act as barriers that
protect coastlines from incident wave energy; a change in reef depth could
alter the coastal energy regime and erosion patterns (116). Over the next
several decades these possibilities are likely to be significant only in
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particularly vulnerable locations (e.g. low islands) or in association with
extreme events such as storms.

Carbonate Mineral Saturation State

A major feature of coral reefs is the precipitation of substantial quantities of
CaCOs; from the overlying water. thus modifying the chemical balance of the
local marine CO: system. One of the best characterized human perturbations
of the global climate system is the rate of CO2 emission to the atmosphere
and consequent changes of atmospheric CO> content. Changes in atmospheric
CO: are well documented over the past several decades. reasonably well
estimated over at least the last 150 years, understood in broad outline over the
past 160.000 years. and at least semi-quantitatively predictable over the next
century (78. 136). Estimates of increased atmospheric CO2 invasion into the
upper ocean are much modeled and discussed. While there is uncertainty on
the quantity of CO- invasion into the ocean, it is reasonably well understood
in comparison to other aspects of the global carbon budget (16, 150).

It is well established that the average CO: partial pressure (pCO>) of surface
ocean waters has remained within 10-20 patm of the pCO:> of the atmosphere
as a result of CO> mass transfer across the air-sea interface. It seems likely
that. as atmospheric pCO: continues to rise above the present level of about
350 patm. the average partial pressure difference between the air and surface
ocean will remain small. This increase in pCO; will change carbonate mineral
saturation states. as outlined in the following discussion.

Consider tropical seawater (salinity = 35%c. temperature = 25°, total
alkalinity = 2.3 meq/liter. and present pCOz = 350 patm). It can be calculated
(111. 120, 134) that seawater of this composition is about 520% saturated
with respect to the common CaCOs mineral calcite: 340% saturated with
respect to aragonite (the most common form of carbonate on coral reefs.
deposited by reef-building corals and calcareous green algae); and 260%
saturated with respect to 15 mol% Mg-calcite (commonly precipitated by
coralline red algae. echinoderms. and many other reef taxa). With increasing
Mg substitution for Ca in the calcite, mineral solubility increases. and
saturation state of the water with respect to that mineral decreases. A 1-2°
temperature increase (about what is predicted for tropical surface seawater
over the next century) would not shift saturation states much, but a pCO>
increase to 600 patm (again, about what is expected) would decrease the
saturation states with respect to the above minerals to about 360%, 240%,
and 190%, respectively.

Despite the obvious potential for a link between oceanic CO; composition
and the process of calcification, there is very limited information about the
responses of reef organisms to changes in carbonate saturation state. Studies
by Agegian (1), with portions also summarized in Mackenzie & Agegian,
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1989 (107), Borowitzka (13), and Smith & Roth (135) on coralline algal
growth in response to changes in the aqueous CO; system give discrepant
results. Data by both Agegian and Borowitzka tend to indicate inhibition of
algal growth by high pCO:, while data by Smith & Roth show accelerated
growth at least to modest levels of CO» elevation. The former results seem to
us to be more plausible as long-term sustained phenomena. Yamazato (166)
found that the growth rate of the coral Fungia scutaria varied as a function
of Ca” " concentration in short-term experiments; this effect could result from
altered saturation state.

A related issue is potential CO:> fertilization effects on marine organic
productivity. A doubling of atmospheric CO- has the potential to increase the
photosynthesis of some macroalgae and seagrasses by a factor of two. and
that of entire marine communities by up to 20% (159). Coral reef turf algal
assemblages have productivity responses to altered pH that are consistent with
the predicted fertilization effects of dissolved CO: (67). The response of
calcifying algae or symbiotic corals to increasing pCO, may depend on
whether tissue growth or calcification is the rate-limiting step in a given
location. At the community level. the combination of photosynthetic enhance-
ment and possible calcification reduction could enhance the competitive
advantage of algal communities relative to coral communities, an effect that
would be reinforced by community responses to nutrient loading (discussed
below).

If we assume that, over time, calcification of many reef organisms will be
generally proportional to carbonate mineral saturation state, we can postulate
how reef ecosystems might respond to decreasing CaCOs saturation state. As
calcification decreases, the ability of reefs to keep up with rising sea level
may diminish. Alternatively. skeletal density may decrease. leaving the
organisms more vulnerable to physical damage or bioerosion. The mineralogy
of calcifying organisms may shift toward the less soluble mineral phases.
Community structure may shift as noncalcifying organisms and bioeroders
outcompete calcifying organisms. Habitat provided by corals for other
organisms may become restricted.

We clearly know too little about the links between atmospheric CO>. marine
benthic productivity. and marine calcification: and available information is
partially contradictory. Growth-rate and metabolic experiments that carefully
and explicitly define and control aqueous CO: chemistry are required, and the
experimental data will then require thoughtful extrapolation to environmen-
tally relevant time scales.

Temperature

Unusually elevated water temperature is a stressor that commonly leads to
bleaching (see discussion above) of corals and some other zooxanthellate
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organisms. and it will result in death if the “dose™ (excess temperature times
duration of excursion) is great enough. This factor is of particular concern
because it is one of the few climate-related variables that has the potential
for extensive near-term damage to coral reef communities (17). Temperature
sensitivities ot Indo-Pacific corals have been reviewed (86).

Temperature sensitivity in corals is clearly adaptational: the vulnerability
of corals in a given locale varies by taxon and is related to the long-term
historical record of mean temperature of the warmest month at that site (86).
Temperature-induced bleaching can occur in response to {-2 day exposures
to temperatures 3—3° above the normal maximum. or to several weeks of
exposure to elevations ot 1-2°. Mortality is > 90% for temperature elevations
in excess of 4° for periods as short as even a few hours (26). while relatively
prompt recovery is the norm for bleaching episodes induced by temperature
excursions < 2°.

Temperature responses of some coral symbionts. parasites. and co-occurring
organisms appear similar to those of the hosts (60. 86). Bleaching in other
symbiotic reef taxa (Millepora. soft corals. zoanthids) (82) also appears to be
induced by elevated temperatures. but symbiotic sponges show less propensity
for thermal bleaching (153). lrradiance (either visible or UV) may be
interactive with elevated temperature in producing stress (86. 99, 129).

Systematic studies of coral temperature responses have been carried out
independent of the bleaching issue for corals from tropical and subtropical
locations (86). Calcification. P:R values. reproduction. and recruitment all
showed maximum values near the local average maximum temperature (about
277 for Hawaii and 31° at Enewetak). with significant reductions at temper-
atures as little as {-2° higher. From the standpoint of community response to
temperature. these data need to be considered in view of a number of other
observations (86): (1) At a given location a significant range of temperature
responses appears among different colonies of the same species. and there
may be systematic differences between intraspecific types or clones, or
between microenvironments (28): (ii) there are systematic differences between
species—those with the highest respiratory rates are more sensitive to elevated
temperature. and branching species {especially Acropora and Pocillopora) are
more vulnerable than massive corals (e.g. Porites): (iil) individual colonies
have not been observed to exhibit temperature acclimation on time scales of
months to years (86): and (iv) temperatures of 33-34 are tolerated by
apparently healthy coral communities in the Great Barrier Reef (89) and the
Arabian Gulf (23). where some species survive temperatures of 36-38°.
However. recent observations in the Arabian Gulf indicate that even corals
adapted to unusually high ambient temperatures remain susceptible to bleach-
ing and other lethal or sublethal responses to slight additional temperature
elevations (59, 128).
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These observations indicate that reef ecosystem responses to rising temper-
ature will be very dependent on the time scales of change and on other local
environmental conditions. An increase in sea surface temperature or its
variability. characterized primarily by increasing frequency of sublethal stress
or partial mortality and occurring on time scales of the same magnitude as
coral generation times, will probably tend to shift coral communities toward
heat-tolerant “ecotypes™ or species. More extreme temperature excursions or
more rapid increases in mean water temperature could result in rapid change
of reef diversity and community structure through extensive mortality and
species-selective inhibition of reproduction and recruitment. The probability
of local extirpations or total extinctions (58, 61) or of failure of reef
communities to recover after thermal mortality (56. 60) would depend not
only on the rate of change of mean temperatures. but also on the geographic
distributions of extreme events and on other environmental controls on reef
development.

In view of the fundamental importance of temperature sensitivity to
questions of reef response to global change. we suggest that priority should
be given to further research into the rates and mechanisms of organism and
community adaptation. into the genetic and physiologic bases for thermal
sensitivity. and into synergism or interactions between elevated temperature
and other potential stressors. A particularly important avenue of research may
relate to the question of the nature and distribution of strains or species of
zooxanthellae (125). If temperature or stress response of the host-symbiont
pair 1s influenced by algal as well as by coral genetics. and if multiple strains
of algae are present in a given locale. then bleaching and reinfection could
provide a mechanism for rapid adaptive change.

Visible and Ulrtraviolet Light

Corals have light requirements and adaptive mechanisms such that maximum
rates of calcification and photosynthesis can be sustained to depths of as much
as 20 m in clear water (52). Symbiotic corals occur to depths in excess of
60 m. albeit with much reduced rates of growth (80). The depth distribution
of light, interacting with other environmental variables such as wave energy.
is believed to account for such important reef characteristics as a broad
maximum in biodiversity between 10 and 30 m (80) and maximum rates of
reef accretion between 5 and 15 m (77).

Although high light levels do not appear to induce stress in corals if other
environmental factors are optimal. they enhance coral sensitivity to temper-
ature- and salinity-induced stress (86) and have been implicated as a factor in
some episodes of coral bleaching (see discussion above). Photoinhibition
appears to occur only at very shallow depths (80).

There are no anticipated climate or environmental changes that would
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increase peak clear-day visible light irradiance values. Net annual or seasonal
irradiance incident on a reef community. and therefore the incidence of
light-related stress and the depth range of optimal growth. could change in
response to systematic changes in sea state, cloud cover. or turbidity (53).
Cloud cover is one of the most poorly understood and poorly modeled features
of the Greenhouse climate (30), and changes in surface wind fields (which
influence light penetration by controlling surface roughness) are also not
predictable at present. Increases in turbidity can result from input of suspended
terrigenous sediments. or from planktonic primary production stimulated by
nutrient loading. Both sedimentation and nutrient loading (see discussions
below) tend to be anthropogenic stresses resulting from land use. population
density. and resource exploitation (49. 105, 109. 142). Extreme turbidity can
also occur from resuspension of naturally produced and trapped carbonate
particles in restricted reef lagoonal environments (126).

Although not climatic in the narrowest definition of the term. the expected
increase in ultraviolet-B (UVB) radiation levels due to destruction of the
stratospheric ozone laver by chlorofluorocarbons may be significant: the
factors controlling UVB penetration in the water column are the same as for
visible light. Detrimental effects on coral reef fauna have been documented
(85. 88. 133). and some of the mechanisms identified (99). UV levels 1n
shallow water are clearly able to inhibit photosynthesis (102, 137. 163. 164).
The depth-dependent occurrence of UV-blocking pigments in corals has been
demonstrated (87. 88). as have photoadaptation and UV tolerance in specific
strains of zooxanthellae (87. 88. 98).

Reproduction of reef organisms may also be affected by increased UV
levels. either directly or through mortality of planula larvae. There are no data
on these specific effects on reef organisms. but studies of mature and larval
zooplankton (33. 37) indicate a wide range of UVB sensitivities, with at least
some organisms vulnerable to present or increased UV levels in the near-sur-
face environment.

Concern about the possible effects of increased UVB exposure is somewhat
tempered by the fact that predicted increases in the tropics are relatively small:
average low-latitude UVB surface exposures are expected to increase by
1-10%. This estimate is based on average ozone column depletion estimates
of 0.5-5.0% (depending on the trace gas scenario used). although with the
potential for much larger local variations (48), and an approximate UVB
surface exposure increase of twice the ozone column depletions (165).
However. lack of knowledge about UVB exposure effects. especially related
to reproduction. combined with recognition that some organisms are sensitive
at present levels. indicates that this topic merits further research.

On an overall basis, the present-day distribution of coral reefs across a range
of light and water-clarity regimes suggests that changes in light availability
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and UVB exposure will probably be secondary factors in determining the
response of coral reef systems to regional climate or local anthropogenic
change. We note that visible light and UVB may be coincident contributors
to reef stress under conditions of clear skies. calm water, and elevated
temperature (86. 99, 129), but that in general the factors (cloudiness. sea level
rise. turbidity) that reduce levels of desirable light exposure also protect against
the deleterious effects of UVB. Because of the characteristics of light
extinction with depth and the nature of community and organism adaptation.
reduction of exposure levels will have little negative effect on shallow
communities but may be deleterious to deeper ones; increased exposures may
increase stress levels on shallow reefs but improve conditions at depth.

Currents, Waves, and Storms

Circulation exerts primary control over the distributions of salinity. tempera-
ture. nutrient levels. etc, by water mass advection and by determining the
intensity and locations of upwelling. and secondary control of nutrient.
sediment. and contaminant distributions by interacting with local (often
anthropogenic) sources. Distributions of reefs and related or competing
communities are controlled to a significant degree at the large and intermediate
spatial scales by advective transport of propagules (3). The propagation of
pathogens at the regional level has also been identified with major circulation
patterns (100). Zonation. reef morphology. and the depth distributions of reef
corals. algae. and other key organisms are strongly influenced by physical
factors. including wave action (41. 80). Storms. waves. and currents are also
the driving forces for sediment transport. coastal dynamics and geomorphol-
ogy. and local relative sea level. Local circulation effects will interact with
those of sea level rise. and in some significant cases they may be controlled
primarily by sea level rise (see discussion above).

As with other factors. generalization about the effects of climate change
on physical oceanography is difficult because specific effects will be regional
or local in nature and because we lack adequate predictions about probable
changes at those scales. In addition to modifications to the patterns mentioned
above. there are specific reef-related issues: (i) Upwelling is an important
local circulation phenomenon on several reef systems (83, 96. 162). It has
been suggested that in some locations both the frequency and the intensity of
temperate-latitude coastal upwelling may be significantly altered by changing
weather conditions (4). The regional resolution of general circulation models
s insufficient to predict how upwelling might change in specific reef settings.
(i) Storms provide long-term episodic control of reef community develop-
ment by catastrophic pruning andsor substrate renewal (40. 72). In some
instances. such disruption aids in coral reproduction (74). Storms influence
community succession and diversity directly at the local level (74). Storm
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frequencies and/or intensities may increase under warmer conditions, but
geographic distributions may shift; the result will be long-term shifts in
community succession and development patterns in reefs subject to changed
disturbance regimes.

Sedimentation

Sedimentation is not primarily a climatic factor, although natural coastal
erosion and sediment accumulation patterns may alter as a result of changing
currents, sea level. wave energy, or storm patterns. More significant factors
are likely to be land use (e.g. deforestation. agricultural practices, dredging,
coastal construction—158). The stress-related aspects of sedimentation have
been reviewed by Brown & Howard (18) and Grigg & Dollar (66).

Rapid sedimentation can smother corals and other sedentary reef organisms
(49. 109): slower but significant rates of sedimentation as well as high rates
of sediment resuspension are known to cause reductions in coral growth rate
(2. 38. 39, 105, 108, 117). It should be kept in mind, however, that coral
morphology as well as sediment grain size affects the ability of coral colonies
to cleanse themselves of sediment (79. 168). As a result. community structure
will be altered by changing sedimentation regimes. Occlusion of hard substrate
with soft sediment can reduce coral recruitment (12, 75). Increased sedimen-
tation is often, but not always. accompanied by elevated turbidity and nutrient
levels (discussed below). Among the mechanisms for deleterious effects are
choking of feeding mechanisms, sulfide generation. prolonged contact with
toxic components of the sediment. and facilitation of bacterial “infections™
(18.66).

Saliniry

Although most reef systems occur near the apparently optimal salinity value
of about 35 %c. many reefs can be found in localities that show significant
variations in mean or extreme salinities. It is therefore possible to extract
considerable information about reef responses to salinity from natural distri-
bution patterns.

Coles & Jokiel (25) have reviewed field and laboratory data on the responses
of corals and other reef organisms to salinity, and they report that natural reef
communities seem to do well within a salinity range of about 2540 %, with
rapid loss of taxa at higher salinities. Salinity maintained below 20 %c for
longer than 24 hours is lethal for corals and most other reef taxa (49, 151).
The lethal response is more rapid at lower salinities. Sublethal responses to
salinity excursions include expulsion of zooxanthellae (hence, “bleaching™)
and altered metabolic rates (24, 114).

Salinity is unlikely to show significant regional-scale shifts of magnitudes
that will affect coral reefs during a period of changing climate, but there will
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be local alterations of salinity regimes, especially in terms of variability. Local
salinity excursions that are primarily associated with slow water exchange
will tend to be reduced as sea level rises. Except in very restricted shallow
water bodies, evaporation is unlikely to proceed rapidly enough to cause
short-term excursions to excessively high salinity values. Salinity depressions
are much more probable short-term excursions. Local reef areas adjacent to
large or “flashy™ drainage basins will be vulnerable to increased flow that will
chronically or episodically depress salinity to well below currently observed
levels. Such occurrences will have potentially dramatic local impacts on
corals and other reef organisms.

Climate-induced changes in local salinity stress may result from shifts in
rainfall amount or intensity, but as with sedimentation, a more important factor
in populated areas is likely to be changes in runoff pattern resulting from
land-use patterns such as urbanization and deforestation.

Nutrients

Inorganic plant nutrients have long been implicated in damage to coral reef
communities (71). and increasing human pressures are leading to elevated
nutrient discharges from sewage. agricultural practices. and land use. These
changes may be the most pervasive human-induced alterations of the coastal
zone. Perhaps the most intensively studied example of nutrient effects on coral
reefs has been Kaneohe Bay. Hawaii (6, 89, 91. 108. 142. 160). This system
received substantial and increasing discharges of sewage-derived nutrients over
a 20-year period; the discharge was abruptly terminated in 1977. A particularly
noteworthy characteristic of Kaneohe Bay is the degree to which reef
communities had recovered several years after termination of sewage dis-
charge into this system (50).

Other major reef systems such as the Australian Great Barrier Reef (167)
and the Florida Reef Tract (70) are increasingly discussed in terms of observed
or perceived nutrient stress due to anthropogenic activity. Nutrient loading is
certainly increasing on many aquatic communities adjacent to growing human
populations. particularly in areas where water quality regulations are lax.

The major impact of nutrients on coral reefs usually appears to be indirect.
Corals require very little external nutrient supply because of effective internal
nutrient recycling between the coral animal host and the zooxanthellae plant
symbiont (68, 113). Other taxa of common photosynthetic reef organisms
also thrive at low nutrient concentrations. The primary production rate of
coral reefs is very high (90) but is almost exactly balanced by the respiration
rate (29, 90). Coral reef communities subjected to high nutrient levels appear
to undergo deterioration due to overgrowths by filamentous algae, bryozoans,
and barnacles. increased plankton-generated turbidity. increased bioerosion,
and poor coral recruitment (9, 69, 101). Hallock (69) and Birkeland (11)
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have suggested that reef growth diminishes along a gradient from oligotrophic
to eutrophic conditions.

However. Kinsey (92) has observed that it is incorrect to jump from the
observation that coral reefs can do well under low nutrient conditions to the
conclusion that coral reefs require such low nutrient environments. We agree,
noting that some reefs look healthy and are apparently doing well in a milieu
of naturally high nutrient levels (62, 140). At the organism level, increased
nutrients cause increases in both the pigmentation per cell and the absolute
number of cells of symbiotic zooxanthellae (47. 112). Although there is no
evidence that increased nutrients are a physiological stress in themselves,
studies are needed on whether elevated nutrients change the sensitivity of the
symbiotic assembly to other stresses. particularly temperature and/or light-in-
duced effects. We suggest that an important consideration for any particular
reef community (which may be adapted to a wide range of nutrient regimes)
is the rate of change in the nutrient loading into that system and its interaction
with other environmental variables.

At the community level. rapid nutrient changes can cause shifts in structure
and function. With an increase in nutrients. rapidly growing phytoplankton
and benthic algae gain a competitive advantage over corals. often overgrowing
and eventually smothering them (6, 11, 66, 69, 142). Turbidity of the water
resulting from increased plankton biomass and detritus can also cause reef
deterioration (142). (See also discussion of light effects. above). Perhaps an
even more important effect is that suspension-feeding animals. especially those
that bore into calcareous substrata. become abundant in high nutrient waters
replete with particulate organic matter (10, 14. 66. 69. 142. 160). Many of
these organisms damage the structural integrity of the reef. and the larvae of
sponges. barnacles. ascidians. and other sedentary organisms can outcompete
coral larvae for space. High organic loading, which may be associated with
some types of nutrient joading. can also kill corals and other organisms
because of elevated biochemical oxygen demand and hydrogen sulfide release
(66). Nutrient loading may also be associated with reef stress induced by
increased sedimentation.

Some evidence suggests direct damage to reef organisms from elevated
nutrients. Yamazato (166) reported that high levels of phosphate apparently
inhibited coral calcification during incubation experiments. Kinsey & Domm
{93) inferred a similar effect for a reef community deliberately fertilized with
inorganic phosphorus and nitrogen. Walker & Ormond (154) found localized
mortality of corals in the vicinity of sewage discharge and spillage of
phosphate dust during ship loading. One might also postulate such direct
effects from locally high levels of ammonium. If such direct nutrient-induced
mortality does occur, it seems most likely to be associated with very high
nutrient concentrations. Such effects could usually be anticipated to be
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localized. A “halo” around a discharge site would be inside of a much broader
zone, exhibiting the secondary effects we have noted.

Other Anthropogenic Stresses

Anthropogenic environmental alterations. especially those connected with
land use and waste disposal. have been discussed in connection with many of
the factors considered above. Coral reef stresses have been recently reviewed
(18. 66) and cataloged (158). Two classes of anthropogenic stress not
previously discussed merit mention.

Toxins introduced into the marine environment may include such materials
as oil (18, 84). metals (18. 63, 147), and pesticides (63. 147). Although these
have thus far been documented as having only local effects. their obvious
association with human population and economic development suggests that
they deserve continued attention.

Direct reef resource utilization (quarrying. dredging. harvesting of organ-
isms. tourism) represents a significant threat and a confounding variable when
assessing other forms of environmental change. In particular. many coral reefs.
especially those adjacent to land masses supporting large human populations.
receive fishing pressure sufficient to reduce the population of fishes dramat-
ically (158). Fish grazing is known to be an important control on plant biomass
on reefs. Large algal populations are often attributed to excessive nutrient
loading: an important alternative interpretation is that fishing pressure has
removed those herbivorous fishes that might have grazed on the algae and
prevented their excessive growth.

The effects of resource utilization are important to understanding environ-
mental change. both because they can mimic or obscure the effects of climate
or other environmental change. and because the utilization tends to exacerbate
the effects of the more directly environmental influences discussed above.

"PATHWAYS"” OF CLIMATE FORCING

Table 1 presents a slightly modified list of the factors discussed above.
subdivided according to whether environmental changes over the next few
decades are more likely to result from changing climate or from other
anthropogenic environmental alterations.

In order to assess relative importance or sensitivity, these same stressors
may be categorized by their primary pathway or mechanism of delivery to
the local reef environment. Those factors transmitted primarily through the
atmosphere or via air-sea interaction are identified with the atmospheric
pathway: the hydrographic pathway corresponds to those features normally
associated with physical oceanography. and the hydrologic pathway involves
effects transmitted or created through the mechanisms of evaporation,
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Table 1 Dominant sources of near-term
coral reef stresses

Climate Other

Sea level rise™* Ultraviolet light**
CO- changes** Nutrients (*?)
Temperature change*  Sedimentation
Visible light Turbidity
Current'storm change  Toxics

(Fresh water) Resource use

(Fresh water)

global. trends monotonic
*trends in global mean monotonic. significant
spatial temporal exceptions

precipitation. runoff. or groundwater flow. This list is given in Table 2:
although not rigorous. it provides a basis for identifying signal amplification
possibilities.

It seems clear that all three pathways by which changing climate influences
aquatic ecosystems will have their major influence in shallow water. From
the standpoints of sensitivity, vulnerability. and monitoring. marginal environ-
ments are particularly sensitive to change because of their steep gradients and
phvsical constraints. Coastal zones are a particularly good example of such
environments. and a large fraction of the world’s coral reefs occur within
coastal zones or their physical extensions. enclosed and/or shallow basins. or
shelf environments. In such locales the hydrologic pathway has a particularly
high signal amplification because effects may be integrated over very large
land areas and focused (¢.g. through runoff) onto the narrow coastal zone. It
is important to note that the stressors delivered via the hydrologic pathway
are generally those in the “other™ (non-climate) source category.

This analysis leads to the conclusion that reefs in proximity to land masses
or in relatively shallow or enclosed basins will be particularly sensitive (or
vulnerable) to the effects of environmental change but will have a low
specificity for climatic variables. In the near term. the suggestion is strong
that local and regional effects of population growth. land use, etc, will have

Table 2 Dominant pathways of stress delivery

Atmospheric Hydrographic Hydrologic

Temperature Sea level Fresh water
Nutrients

UV light Currents Sedimentation

Visible light Storms/waves Toxics

CO, change Turbidity
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more effect on these reefs than the more distributed and gradual climatic
changes. Oceanic reefs are probably more sensitive to the truly climatic
component of environmental change and could serve as control sites for studies
in the more complex nearshore environment. Stress responses can be observed
on a local or regional basis but may represent various categories of response:
(i) Direct physiological response of an organism to a single environmental
variable such as temperature or light; (ii) interactive responses of organisms
to concurrent changes in multiple variables (e.g. temperature plus light, water
quality plus light or temperature); and (iii) indirect effects on competitive
relationships or community interactions, whether or not accompanied by overt
evidence of physiologic stress at the organism level.

We note that chemical stresses are more likely to be observed at the
community level, while physical stress is more readily observed in terms of
organism response. Indirect effects will be situational and highly variable on
a spatial scale. This highlights the problems of scale and variability associated
with the use of local reef responses for detection of global signals, “average™
ecosystem conditions, or responses to environmental forcing; extensive
networks of long-term observations will be required.

DISCUSSION

Large-Scale Issues

On large scales. the environmental effects specifically attributable to climate
change would suggest that reefs as a global biotic phenomenon are not
seriously threatened. We know that reefs are structurally and functionally
similar over a wide range of conditions and dominant species. indicating that
the communities are not highly dependent on specific individual taxa and may
be resilient to the loss of some more vulnerable species. When we consider
individual climatic factors in isolation. we see that the effects of sea level rise
on coral reefs over the next century are more likely to be positive than
negative. Increases in maximum sea surface temperatures will increase the
frequency of temperature-induced stress or mortality events, but increases in
minimum and/or average values may extend the geographic range of condi-
tions suitable for reef development on a longer time scale. Climatic changes
in hydrologic or hydrographic factors may have positive or negative effects
on a local scale. Although we may expect significant changes in the details
of reef characteristics and distributions, there is at present no basis for
predicting widespread deleterious effects on average. There are two important
caveats to this conclusion:

One is that we know remarkably little about the probable etfects of
increasing UV exposure and of decreasing carbonate saturation state. Although
there is no evidence that either one represents a potential near-term cataclysm.
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their effects are predominantly negative, their distribution is global, and the
nature of change is reasonably predictable. Focussed research is clearly
needed.

A more important caveat stems from the artificiality of considering
climate-induced stresses by themselves. Reef damage from anthropogenic
environmental degradation is widespread, represents a much greater threat than
climate change in the near future. and can reinforce negative effects of climate
change. In particular. we note that many anthropogenic changes represent
chronic stresses that may interfere with reef recovery from the acute stress
events that are likely to increase in frequency as a result of climate change.
The combination poses threats on a regional level that we believe should be
taken seriously. As an example. we note that the Caribbean fits the profile of
a vulnerable region: biodiversity is far lower than in the Indo-Pacific; it has
been more vulnerable than the Indo-Pacific during past climate fluctuations;
itis arelatively enclosed basin with a growing human population in its drainage
area and abundant evidence of anthropogenic effects and terrigenous (e.g.
runoff-related) influences: there are no other large-scale reef communities in
the tropical Atlantic that can serve as refugia or sources of recolonization:
and evidence of widely distributed reef stress has already been noted.

Local Issues

At the local level. concerns are about the specific condition of specific reefs.
and reassurances on the global average level offer little joy. We gain some
additional levels of predictability and impact assessment with a local focus.
whereas in a general treatment such as this review we are forced to fall back
on generalities and uncertainties. When we look at a specific site we are
dealing with knewn hydrologic. hydrographic. population. and development
characteristics: and specific vulnerabilities and probabilities are much more
identifiable. The effects of chronic stress and altered disturbance regimes may
be effectively evaluated on the local level: Bales (5) points out in a discussion
of altered hvdrologic regimes that “Human-related disturbances tend to differ
from natural disturbances in being more frequent and of different intensity.
Systems dominated by human-related disturbances tend to be less diverse
biologically. Physically they have less structure and complexity . . . we need
to better understand the long-term impacts of altering natural disturbance
regimes in order to adequately address such issues as biodiversity and
cumulative impacts.” However, for some types of acute stress, the scale
mismatch becomes more critical—if the effects of climate change are felt
(as seems probable) primarily through changes in the frequency and magnitude
of extreme events. then effects at small spatial scales can be predicted only
on a probabilistic basis. Overall, we suspect that many human populations
will, over the next few decades. come to grips with the previously abstract
geological truism that individual reefs are transient phenomena.
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Scientific Issues

There are critical needs for data on the nature and variability of organism and
symbiont responses to specific environmental factors (notably carbonate
mineral saturation state. temperature, and UVB), and especi'ally on the
combined effects of potentially interacting stresses and environmental condi-
tions such as nutrient loading. There are enormous challenges ahead in learning
how to relate observations, theory. and predictions across differing time and
space scales; this has been identified as one of the highest priorities for
research in hydrology (115), which has been pointed out above as an
extremely sensitive pathway for the effects of environmental or climate
change.

The human race appears to be in the process of conducting an unplanned
planetary experiment in what might be loosely termed accelerated evolution.
If the scientific community has the resolve and insight necessary to discern
and take advantage of the “design™ inherent in this experiment. there is
enormous understanding to be gained—much of it vitally useful to society in
preparing for or responding to the unintended consequences of our experiment.

Institutional Issues

Addressing the various needs and opportunities will require significant changes
in our present scientific culture and institutional structures. One of the greatest
administrative challenges is the need for funding and research institutions to
develop an effectively coordinated approach to problems that have time scales
in excess of budget cycles and political administration lifetimes, and both
spatial scales and ranges of implications that transcend academic disciplines.
agency missions. and geopolitical boundaries (15, 21).

A specific focus of the administrative problem is the need for long-term,
globally integrated. and stable vet technically evolving data acquisition
programs. The traditional term is monitoring, and the traditional attitude among
researchers is that “monitoring™ is an activity of dubious merit. particularly
if it competes with “research™ for resources. At the time and space scales of
global change. however. there is no basis for this dichotomy. Monitoring is
an intrinsic and essential part of research (32). and its design and effective
conduct should be one of the highest priorities of the research community,
because our ability to formulate and test hypotheses will depend on the data
bases available. Retrospective extension of monitoring observations by
integrating paleoecological and neoecological studies will be an important
component of efforts to extend our baseline data both temporally and spatially.

Finally. we note (not for the first time) that the scientific culture will need
to find ways for better integration across disciplinary boundaries as well as
across time and space scales within disciplines. Reef research has long been
dominated by biologists and geologists. yet climate and stresses induced by
climate change are defined and studied in physical and chemical terms. A
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concerted effort to match studies of physical/chemical forcing functions with
the biological/geological responses appears to us to be the only way to
synthesize an effective approach to global change issues.
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